Lon protease is a multifunction protein and operates in protein quality control and stress response pathways in mitochondria. Human Lon is upregulated under oxidative and hypoxic stresses that represent the stress phenotypes of cancer. However, little literature undertakes comprehensive and detailed investigations on the tumorigenic role of Lon. Overexpression of Lon promotes cell proliferation, apoptotic resistance to stresses, and transformation. Furthermore, Lon overexpression induces the production of mitochondrial reactive oxygen species (ROS) that result from Lon-mediated upregulation of NDUFS8, a mitochondrial Fe-S protein in complex I of electron transport chain. Increased level of mitochondrial ROS promotes cell proliferation, cell survival, cell migration, and epithelial-mesenchymal transition through mitogen-activated protein kinase (MAPK) and Ras-ERK activation. Overall, the present report for the first time demonstrates the role of Lon overexpression in tumorigenesis. Lon overexpression gives an apoptotic resistance to stresses and induces mitochondrial ROS production through Complex I as signaling molecules to activate Ras and MAPK signaling, giving the survival advantages and adaptation to cancer cells. Finally, in silico and immunohistochemistry analysis showed that Lon is overexpressed specifically in various types of cancer tissue including oral cancer.
by the hypoxia inducible factor-1a (HIF-1a) and involved in a mechanism to response low oxygen availability and adapt cancer cells to a hypoxic environment. 25 Thus, Lon upregulation may be critical for cancer cell survival by regulating stress responses induced by oxidative and hypoxic condition, which are common stress phenotypes of cancer cells. However, no report has been described how upregulated Lon promotes cancer cell survival and tumorigenesis.
We previously found that human Lon is upregulated in nonsmall-cell lung cancer cell lines and its downregulation triggers caspase-3-mediated apoptosis. 23 The purpose of this present study was to investigate the detailed mechanisms of Lon-mediated tumorigenesis.
Results
Lon is upregulated in various types of cancer. To understand whether Lon overexpression has a crucial role in tumorigenesis, we first performed a comprehensive in silico analysis on several types of cancer by using several publicly available gene expression data sets of cancerversus-normal, including Oncomine 26 and Gene Expression Omnibus (GEO) at the NCBI. The expression profiles complied in Oncomine showed that Lon is upregulated in most of cancer types, including lung, colorectal, and headand-neck cancer (Supplementary Figure S1A ). Consistently, the transcript level of Lon is significantly overexpressed in lung adenocarcinoma, GSE7670 27 (P ¼ 3.1 Â 10 À 4 ) and GSE10072 data set 28 (non-paired, P ¼ 1.39 Â 10 À 6 ; matched pairs, P ¼ 2.9 Â 10 Figure S1D) . These in silico data indicate the overexpression pattern of Lon in various cancers, which strongly suggests that Lon overexpression may have a role during tumorigenesis.
Lon is a stress protein and its upregulated level is associated with cell survival. Next we attempted to unveil the molecular mechanism of Lon upregulation in tumorigenesis. Lon protein is largely induced by hydrogen peroxide (H 2 O 2 ), hypoxia, CoCl 2 , and ultra-violet (UV) irradiation ( Figure 1A ). Stress proteins induce their expression to enhance cell survival during stress and are involved in the regulation of gene expression, signal transduction, and apoptosis. 29 We first performed an in silico analysis to show that Lon is selectively overexpressed in the transformed cells that bypasses oncogene-induced senescence triggered by Ras-MEK activation (Supplementary Figure S2) . As hypoxia regulates survival and apoptotic cell death, 30 we examined whether the expression of Lon correlates to cell survival under hypoxia. The expression pattern of anti-apoptotic protein Bcl-2 and phosphorylated MEK1/2 paralleled to the one of Lon ( Figure 1B, left panel) . Moreover, the pattern of Lon expression was able to reflect on the extent of cell viability under different periods of exposure of hypoxia ( Figure 1B, right) . Similarly, the level of Lon expression was correlated to a decrease in cleaved-caspase 3 after H 2 O 2 treatment ( Figure 1C , left), suggesting that upregulation of Lon protects cells from apoptosis under recovery of oxidative stress. To prove that Lon is important for cell survival, we knocked-down Lon expression by short hairpin RNA (shRNA) technique to examine the effect on apoptosis under H 2 O 2 treatment or none ( Figure 1C , right and Figure 1D ). In the Lon-compromised cells, they were proceeding to apoptosis during recovery from H 2 O 2 treatment or even without treatment ( Figure 1C , right and Figure 1D ). Likewise, cleaved-caspase 3 and PARP were observed in the cells without Lon overexpression after UV treatment, whereas almost no signal was found in the cells overexpressing Lon ( Figure 1E ). We consistently observed that apoptosis is attenuated in Lon-overexpressed cells after UV treatment ( Figure 1F ); DNA fragmentation positive cells ( Figure 1G ) and terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling (TUNEL)-positive cells (e in Figure 1H ) were not detected in cells overexpressing Lon. Interestingly, we found that the protein level of Lon is reversely correlated to that of p53 (Figures 1C, D, and F), proposing that the mechanism of cell protection by increased Lon under stress is associated with and through regulating the protein level of p53. Together, these results indicate that overexpression of Lon protects cells from apoptosis and promotes cell survival upon environmental stress. Figure S4B ). These data indicate that Lon overexpression increases the activity of cell proliferation and transformation.
Overexpression of Lon causes mitochondrial ROS generation. To seek molecular mechanisms of Lon upregulation-mediated tumorigenesis, we surveyed literatures and tried to find a linkage. We and others showed that Lon is induced by hypoxia ( Figure 1A) , and it regulates ROS generation of hypoxic cells by degrading COX 4-1. 25 We thus proposed that Lon overexpression triggers ROS generation to activate cell signaling-linked cell survival and proliferation. ROS could be detected by staining cells with the H 2 O 2 indicator dichlorodihydrofluorescein diacetate (DCFDA) when cells were treated with H 2 O 2 and UV (Supplementary Figure S5) . We first showed that ROS level was dramatically increased under hypoxia and further diminished by the addition of ROS scavenger, N-acetylcysteine (NAC) (Figure 3a) . We then overexpressed Lon by an increasing amount in 293T cells and found that the ROS level was significantly increased in a dose-dependent manner ( Figure 3b ) and inhibited by the addition of NAC (Figure 3c, left) .
Consistently, similar results were observed in SCC-15 and H1299 cells (Figure 3c ). To test whether ROS elicited by Lon overexpression are derived from mitochondria, we stained 293/Lon cells with a mitochondrial superoxide indicator MitoSox. We found that 293/Lon cells exhibit a dramatic Figure S6 ). These studies suggest that Lon overexpression triggers mitochondrial ROS generation, which may be linked to cell survival and proliferation.
Overexpressed
Lon-induced mitochondrial ROS generation is due to the upregulation of NDUFS8 in Complex I by Lon. As Complex I is one of major sources of mitochondrial ROS, 5 we wondered whether the function of Complex I is required for production of ROS induced by Lon.
To prove this, we tested the effects of rotenone, a specific inhibitor of Complex I, on Lon-induced ROS generation using MitoSox as a probe. Rotenone reduces Lon overexpressioninduced superoxide in 293/Lon cells (Figure 4a ), which is consistent with the fact that rotenone reduces high NaClinduced ROS. 31 Similar results were observed in OEC-M1/ Lon (Supplementary Figure S7) and FADU/Lon (data not shown). These results point to a mitochondrial complex I source of the Lon overexpression-induced increase in ROS.
Five Fe-S proteins (NDUFS1, 2, 3, 7, and 8) are important functional components in the catalytic core of Complex I, which are responsible for electron transfer to ubiquinone. 32 Thus, we wondered whether these molecules are required for the Lon-induced ROS through Complex I. Unexpectedly, we found that Lon overexpression increases the protein level of NDUFS3 and NDUFS8 in 293 T, OEC-M1, and FADU cells ( Figure 4b ). This observation allowed us to understand a novel mechanism that how Lon controls production of ROS through upregulating these Fe-S proteins. To confirm the Fe-S protein is required for the Lon-induced ROS through Complex I, the expression of NDUFS8 was suppressed by shRNA in 293 cells overexpressing Lon (Figure 4c ). Figure 4d shows that the suppression of NDUFS8 in the cells nearly abolished the Lon-induced ROS formation, confirming that NDUFS8 is required for the Lon-induced ROS through Complex I. We observed that Lon may interact with NDUFS8 according to a proteomic analysis (unpublished results). In addition, recent studies showed that Lon is attached to prohibitin complex and recruited to the inner membrane of mitochondria, 33, 34 suggesting that Lon could be recruited to the inner membrane where NDUFS8 is located. Therefore, we hypothesized that Lon interacts with NDUFS8 and regulates the stability or level of the latter. The interaction between Lon and NDUFS8 was confirmed by co-immunoprecipitation (Co-IP) experiments (Figure 4e ). In addition, confocal immunofluorescence analysis showed Lon's colocalization with NDUFS8, suggesting that they are in the same protein complex (Figure 4f ). The Lon depletion by shRNA decreased NDUFS8 level in 293 and OEC-M1 cells (Figure 4g ), confirming that NDUFS8 level is regulated by Lon. To exclude the possibility that the proteolytic activity of overexpressed Lon is defective, we overexpressed the proteolytic mutant of Lon (LonS855A) to examine the status of NDUFS8. Overexpression of LonS855A caused the accumulation of aconitase and TFAM that are physiological substrates of Lon protease 19, 20 ( Figure 4h ), confirming the efficacy of LonS855A mutant. We found that level of NDUFS8 is increased under not only Lon overexpression but also H 2 O 2 treatment (Figure 4h , lane 1, 3, and 5). However, the level of NDUFS8 showed no substantial difference between samples from Lon WT and LonS855A overexpression regardless H 2 O 2 treatment or not ( Figure 4h , lane 3-6). Taken together, these results suggest that overexpressed Lon-induced mitochondrial ROS is due to the upregulation of NDUFS8 protein by Lon. In addition, this upregulation may need the interaction with Lon rather than the proteolytic activity of Lon.
Lon overexpression-induced ROS promotes cell proliferation through Ras-ERK signaling. We further pursued molecular mechanisms of Lon-promoted cell proliferation and tumorigenesis through ROS production. As Ras acts as an upstream activator of ROS-associated signal pathways, 35 we tested whether Lon overexpression activates Ras signaling pathway. The data showed that Lon overexpression upregulates Ras activity and activates phosphorylations of c-Raf, MEK1/2, and ERK1/2, which are dependent on ROS generation (Figure 5a ). This result is consistent with that ROS is required for Kras-induced anchorage-independent growth through activation of ERK MAPK signaling pathway. 16 In addition, other p38 and JNK MAPK concurrently were activated by ROS derived from Lon overexpression (Figure 5a ). To verify this, we knocked-down Lon expression by shRNA in cancer cells to examine the effect on Ras-MAPK activation. FADU expressing Lon-shRNA cells exhibited a decrease in phosphorylations of MEK1/2, ERK1/2, and p38 (Figure 5b ). To confirm Ras-MEK-ERK signaling is involved in Lon-promoted cell proliferation, we treated 293T/Lon cells with specific MAPK inhibitors to evaluate the status of cell cycle progression by the level of cyclin D1, cyclin E (G1/S), and cyclin A (S/G2). The treatment with MEK inhibitor PD98059 significantly reduced the expression of cyclin proteins but not with p38 inhibitor SB203580 and JNK inhibitor SP600125 (Figure 5c ). Consistently, the treatment with PD98059 significantly reduced the Lon-induced cell proliferation but not with SB203580 and SP600125 (Figure 5d ). These findings are supported by that Lon is selectively overexpressed in the transformed cells that bypasses senescence triggered by Ras-MEK activation (Supplementary Figure S2) . These results indicate that three members of MAPK are activated by ROS generation caused by Lon overexpression, but only the ERK pathway promotes cell proliferation.
Overexpression of Lon promotes cell migration/invasion and EMT through ROS-mediated ERK and p38 MAPK pathways. ROS is required for hypoxia-dependent EMT that has been reported to be associated with tumor cell migration, invasion, and metastasis. 36, 37, 38 We asked whether Lon overexpression also has a role during cancer metastasis. The in silico analysis revealed that Lon is selectively overexpressed in metastatic prostate cancer 39 (Figure 6a ), suggesting that Lon overexpression may have a role during tumor metastasis. Lon-overexpressed cells induce the expression of MMP-2 ( Figure 6b ) and significantly increase their ability of cell migration (Figure 6c and Supplementary Figure S8 ), suggesting that Lon overexpression facilitates cell invasion/migration. To confirm this, we knocked-down Lon expression by shRNA in cancer cells to examine the effect on cell migration. FADU/Lon or SCC-15 expressing Lon-shRNA cells exhibited a decrease in ability of cell migration (Figure 6d ). In addition, 293/Lon cells show a progressive change into a cell morphology closer to that of fibroblasts (Figure 6e ). We thus tested whether EMT process is induced by Lon overexpression. Lon overexpression promotes the activation of EMT markers, for example, E-cadherin, N-cadherin, Vimentin, and Snail (Figure 6f ). More importantly, the changes in EMT markers were inhibited by the addition of NAC (Figure 6f ), suggesting that Lon-induced EMT process is dependent on ROS generation. Moreover, the treatment with MEK inhibitor and p38 inhibitor inactivated EMT markers but not with PI3K inhibitor (Figure 6g ). These results indicate that Lon overexpression-induced EMT process is activated by ERK and P38 signaling, for which ROS generation is required.
Clinical significance of Lon overexpression in oral squamous cell carcinoma (OSCC). To examine our findings in human tumors, we studied the expression of Lon in OSCC cell lines and specimens because Lon overexpression has never been documented in oral cancer to date and our in silico analysis showed Lon overexpression in head-and-neck ranks at top 1% (Supplementary Figure S1A) . We found that most of oral cancer-derived cells showed a higher level of Lon than the cells derived from pre-cancer lesion (DOK) and normal primary cells (CGHNK2 and CGK6) (Figure 7a Table S1 ). These results indicate that Lon is overexpressed specifically in OSCC patients.
Discussion
To our knowledge, the present report for the first time demonstrates how Lon contributes cancer cell survival and tumor progression. The Lon has essential roles in tumorigenesis by both inhibiting apoptosis and promoting cell proliferation, transformation, invasion/migration, and EMT. Lon is upregulated in cancer cells, resulting in increased concentration of mitochondrial ROS. They are produced from Complex I and used to promote cell survival and aggressive phenotype of cancer through activation of MAPK and RAS-ERK1/2 signaling (Figure 8 ).
Here we confirm that Lon acts as a stress protein and its expression is induced by oxidative stress, hypoxia, and UV irradiation (Figure 1a) . We also show that these stresses including hypoxia induce Lon expression whose level is important for cell survival. The findings connect Lon and hypoxic adaptations that enable cancer cell survival, including apoptosis repression and activated angiogenesis. 25, 40 In addition to degrading damaged proteins, Lon may also be a protein chaperone to assist cells to survive and adapt to various stresses that are linked to oncogenesis. Molecular chaperones of heat shock protein (HSP) family have important roles in promoting tumor growth and survival. 41, 42 In present work, indeed, we found that increased Lon enhances cell survival and malignant phenotypes through a putative chaperone activity but not a proteolytic activity. These results are supported by the fact that HSP70 and HSP60 are overexpressed in cancer cells and have crucial roles in modulating the apoptotic pathways and in cancer development. 41 However, as very few associated proteins of Lon have been identified in human, the mechanism of how Lon employs its chaperone activity to regulate mitochondrial functions linked to tumorigenesis still remains obscure.
The present studies show that overexpression of Lon exhibits a significant increase in the level of mitochondrial ROS that come from complex I of ETC. These results are in agreement with previous reports clearly showing that the MAPK pathway can be activated by ROS generated in complex I or III in mitochondria. 12 Increased Lon interacts with NDUFS8 of complex I and causes an increased level of this protein, which is similar to the finding that overexpression of Rieske Fe-S protein in complex III enhanced the hypoxic ROS formation. 43 In addition, mitochondrial Fe-S proteins in complexes II and III, for example, SDHB and Rieske, and COX 4-1 are potential substrates of Lon. 25, 44, 45 These reports strongly support that Lon overexpression leads to ROS generation owing to dysfunction of mitochondrial complex I to III of ETC.
Our results show that ROS induced by Lon overexpression activate MAPK (p38, JNK, and ERK1/2) and Ras-ERK signaling. These findings are in good agreement with that ROS are shown to exhibit oncogenic effects at low concentrations and act as second messengers that activate various signaling pathways controlling cell proliferation, transformation, and survival. 10, 46 In this work, ERK1/2 is involved in the regulation of cell survival (anti-apoptosis), proliferation, and cell migration/EMT, whereas p38 and JNK are shown to mainly activate EMT in response to oxidative stress caused by Lon overexpression (Figure 8 ), suggesting that ERK is important for overall cell survival, and p38/JNK are involved in stress response and adaptation. Consistently, ERK1/2 is mostly known for their stimulation on cell survival and proliferation; p38 and JNK are deemed stress responsive. 12, 13, 47 In addition, our finding and other lines of evidence suggest that p38 and JNK have emerged as a key signaling molecule in the regulation of cancer invasion/metastasis by modulating the activity of molecules governing EMT.
14,48 EMT and metastasis are proposed to be an integrated strategy for cancer cells to avoid oxidative damage and escape excess ROS in the primary tumor site. 36 Indeed, our studies indicate that the activation of MAPK signaling due to Lon overexpression induces EMT, suggesting that MAPKs are involved in determining cell fates in oxidative stress response and giving survival advantages to the cancer cells overexpressing Lon. ROS positively contribute to carcinogenesis and to malignant progression of tumor cells through driving genomic damage, and as signaling intermediates in cellular signal transduction for various cellular processes in tumor microenvironment. 10, 46 On the other hand, excessive ROS can damage to cellular proteins, DNA, or lipids and trigger the signaling to senescence or apoptosis. The paradoxical roles of ROS imply that cancer cells die by the same mechanism that promotes their survival. Thus, the big question is how cells integrate conflicting signals to make cell fate decisions for survival or death? A current accepted model is that the role of ROS depends on their level. 10, 49 Low levels and local distribution of mitochondrial ROS mediates its role as a second messenger and are required for cellular survival and adaptation, whereas high levels of ROS mediates its role as a death signal. This regulation could be explained by the term ''mitohormesis'', which is used to describe that nonlethal stress doses that induce oxidative stress give an adaptive, beneficial effect on organismal fitness. 50, 51 The relationship between Lon and the regulation of ROS level will be the subject of increased study.
Materials and Methods
Cell culture. 293, 293T, H1299, HSC-3, FADU, and KB cells were cultured in medium containing Dulbecco's modified Eagle's essential medium (DMEM), supplemented with 5% fetal bovine serum (FBS) and 5% super calf serum. The all medium contain penicillin 100 Units/ml, streptomycin 100 mg/ml except mentioned. SCC-4, SCC-9, SCC-15, SCC-25, and SAS cells were cultured in medium containing a 1 : 1 mixture of DMEM/F12 medium, supplemented with 10% FBS. OC3 cells was cultured in medium containing a 1 : 1 mixture of DMEM/K-SFM medium, supplemented with 10% FBS, and OEC-M1 and YD-15 cells were cultured in medium containing RPMI 1640 medium, supplemented with 10% FBS. Oral pre-cancer lesion cell DOK (dysplastic oral keratinocyte) was cultured in medium containing DMEM, supplemented with 10% FBS. 52 Oral keratinocyte normal cell lines, CGHNK2 and CGK6, 53 were grown in a culture medium containing K-SFM medium, supplements for K-SFM, supplemented with G418 (400 mg/ml).
Cell treatment. Cultured cells were treated with hydrogen peroxide (H 2 O 2 , Sigma-Aldrich, St. Louis, MO, USA) for 200 mM 1 or 24 h at 37 1C and the medium was changed to recover for the indicated period. For hypoxic treatment, cells were grown in a hypoxia chamber and equilibrating for 30 min with humidified gas containing 1% oxygen, 5% CO 2 , and 94% nitrogen. The cells were exposed under hypoxic conditions for various time courses as indicated.
Plasmid construction. Human mitochondrial Lon protease with Myc tag was cut by EcoRV (New England Biolabs, Hitchin, UK) from hLon-Myc-pcDNA3b and cloned into pBabe-puro vector, which was cut by the same restriction enzyme. The sequence of Lon-Myc-pBABE-puro plasmid was verified by DNA sequencing (Genomics BioSci&Tech. Co., Taipei, Taiwan). For construction of shRNA expression vectors, the retrovirus vector pMKO-puro 54 was used. Sequences of the shRNA target sites were shown as below. 55 Stable cell lines expressing tagged Lon or Lon-shRNA were generated by retroviral infection using pBabe or pMKO vector, respectively. The plasmids, hLonMyc-pBABE-puro for stable expression and Lon-shRNA-pMKO-puro for stable knocked-down cell, along with packaging plasmid gag-pol and envelope plasmid VSV-G, were transfected into 293T cells by TurboFect. The cells were incubated for 24 h and the medium was changed to remove remaining transfection reagent. Retroviral supernatant was collected at 24 and 48 h post-transfection and used to infect the target cells 293 for 48 h. Polybrene (hexadimethrine bromide) was added to the medium for improving infection efficacy. The following day, medium was changed and the infected cells were incubated for recovery for 24 h. Puromycin (Sigma-Aldrich) was used to select the successfully infected cells at a final concentration of 2 mg/ml and the survived cells were collected to check the expression of human Lon protease by western blotting.
Reagents. ERK inhibitor (PD98059), p38 inhibitor (SB203580), JNK inhibitor (SP600125), and PI3K inhibitor (LY294002) were purchased from Calbiochem (San Diego, CA, USA). NAC and rotenone were obtained from Sigma Chemical Co. (St. Louis, MO, USA). For mitochondrial location, MitoTracker Red FM (Invitrogen) was added in DMEM at a final concentration of 500 nM for 30 min at 37 1C.
Antibodies. Antibodies to human Lon was produced as described previously. 23 Antibodies used in this study were purchased as indicated: HIF1a, cleaved-caspase 3, cleaved-PARP, phsopho-p53(Ser46), TFAM (no. 7495), phospho-c-Raf (Ser289/296/301), phospho-MEK1/2 (Ser217/221), phospho-ERK1/2 (Thr202/Tyr204), phospho-p38 (Thr180/Tyr182), phospho-JNK (Thr183/ Tyr185), MMP-2 (no. 4022), and Snail antibodies were from Cell Signaling Technology (Beverly, MA, USA); p53, Bax, Bcl-2, cyclin A, and cyclin D1 from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); Myc (9E10), Actin from Millipore (Temecula, CA, USA); cyclin E, N-cadherin and Vimentin were obtained from BD Transduction Laboratories (Franklin Lakes, NJ, USA); FLAG (M2) from Sigma-Aldrich; Aconitase (ab71452), VDAC2 (ab37985), a-tubulin (ab4074) from Abcam (Cambridge, MA, USA); caspase 3 from IMGNEX (San Diego, CA, USA); E-cadherin, GAPDH, and beta-actin from GeneTex (Hsinchu, Taiwan) NDUFS3 (1D6) and NDUFS8 (B01P) from Abnova (Taipei, Taiwan).
Western blot analysis. The cells were harvested by trypsinization and lysed with NETN buffer (20 mM Tris (pH 8.0), 1 mM EDTA, 150 mM NaCl, 0.5% nonidet P-40 (NP-40)) containing protease inhibitor cocktail (Roche, Mannheim, Germany). The cell lysates were then centrifuged at 10 000 g at 4 1C to obtain solubilized cellular proteins. Protein was quantified with a bicinchoninic acid protein assay (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. Proteins were separated by 8 or 10 or 12% SDS-PAGE and electrotransfered to a polyvinylidene fluoride membrane. Blots were probed with primary antibodies, followed by HRP-conjugated goat anti-rabbit IgG (1 : 5000, v/v) (Zymed, South San Francisco, CA, USA) or HRP-conjugated goat anti-mouse IgG (1 : 5000, v/v) (Zymed). After washing with phosphate buffer saline (PBS) containing 0.5% Tween-20, peroxidase activity was assessed using enhanced chemiluminescence (PerkinElmer Life Science, Boston, MA, USA). For an internal control, the same membrane was re-probed with a monoclonal antibody directed against b-actin (1 : 10 000, v/v) or GAPDH (1 : 5000). The intensities of the reaction bands were analyzed with the Image Gauge System (Fuji, Tokyo, Japan).
Cell viability analysis. Cell viability analysis was performed by either cell number counting or MTT assay. For cell number counting, cells were seeded on six-well plastic dishes at a concentration of 3 Â 10 4 per well. Before the experiment, 60-70% confluence cells were washed twice with PBS and treated with hypoxia (1% O 2 ) or not. Cells were then stained with trypan blue and cell numbers were counted under an inverted microscope. Data are presented as the mean±SD of three replicates from six separate experiments. For 293/Lon cell growth assay, 10 6 cells were seeded in the 10 cm dishes and incubate in 5% CO 2 incubator at 37 1C. After 0, 24, and 48 h, trypan blue assay were used for testing cell viability. Cell suspensions were diluted with 0.4% trypen blue solution. Cells were counted under the microscope; the viable cells would not be stained, nonviable cells would be blue. Cell numbers were calculated after normalized with dilution rate. For MTT assay, 293T cells were seeded into 24-well plates at a density of 2 Â 10 5 cells/well and incubated overnight. Cells were transfected with pcDNA3-Lon plasmid and treated with PD98059, SB203580, and SP600125 after transfection for 6 h. After treatment for 24 or 48 h, cells were stained with MTT reagent (5 mg/ml). After 2 h incubation with MTT reagent, the crystals were produced in wells and then dissolved with DMSO. Two-hundred microlitter of the final solutions were transferred to 96-well plate and measured at 562 nm by spectrophotometer.
DNA fragmentation analysis. After treatment, both detached and attached cells were collected and washed with PBS. The analysis was performed using the Tissue and Cell Genomic kit (GeneMark, Taichung, Taiwan), according to the manufacturer's instructions. Fragmented DNA was extracted and electrophoresed on a 2.5% agarose gel containing 0.1 mg/ml ethidium bromide.
TUNEL staining. Cell apoptosis was detected by TUNEL assay according to the manufacturer's instructions (TaKaRa BIO, Shiga, Japan) and was performed as described previously. 23 Briefly, the cells grown on a cover slip in a six-well plate were transfected with Lon plasmid or vector only for 24 h. After transfection, cells were exposed to UV and recovered for 24 h. The cells were then chilled on ice, washed three times with cold 0.3% Triton-X-100-PBS, and fixed in 2% paraformaldehyde for 30 min at room temperature. After fixation, the cells were washed three times with cold 0.3% Triton-X-100-PBS, and cover slip cultures were incubated with a TUNEL reaction mixture in a humidified atmosphere for 60 min at 37 1C in the dark. After incubation, the cells were washed three times with cold 0.3% Triton-X-100-PBS, and then cover slip cultures were counterstained with 4 0 ,6 diamidino-2-phynylindole (DAPI) and examined by a Leica microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Colony formation assay. To determine long-term effects, 1 Â 10 3 of FaDu and FaDu/Lon cells were seeded in six-well plate. Cells were culture with DMEM Figure 8 The role of Lon overexpression in tumorigenesis and malignancy progression. Several stresses in tumor microenvironment, hypoxia, oxidative stress, genetic instability, upregulate the level of mitochondrial Lon. Upregulation of Lon increases the protein level of NDUFS8 in mitochondrial complex I, leading to the increased concentration of mitochondrial ROS from complex I. Increased ROS levels in cancer cells promote cell survival, transformation, and malignancy progression, for example, cell migration and EMT, through activation of MAPK and/ or Ras-ERK1/2 signaling containing 5% FBS in 37 1C incubator. After 15 days, cell colonies were stained by crystal violet and calculated.
Evaluation of ROS production. The production of hydrogen peroxide (H 2 O 2 ) was measured with DCFDA (Sigma, St. Louis, MO, USA) staining as described according to the manufacturer's instructions. Briefly, cells were washed three times with PBS and incubated with 10 mM DCFDA for 1 h at 37 1C, 5% CO 2 . After incubation, cells were washed and fluorescence was measured using a Berthold Technologies LB941 TriStar Multimode Reader (BERTHOLD TECH-NOLOGIES GmbH & Co. KG, Bad Wildbad, Germany), with excitation at 485 nm and emission at 535 nm. To detect mitochondrial superoxide levels, cells were stained with 5 mM MitoSOX (Molecular Probes, Eugene, OR, USA). After incubation 37 1C for 10 min, cells were washed three times with PBS. The mitochondrial ROS were visualized by using fluorescence microscope or analyzed by using FACS (Ex/Em: 510/580 nm).
Co-IP assay. Cells were lysed in NETN (150 mM NaCl, 1 mM EDTA, 20 mM Tris-Cl (pH 8.0), 0.5% NP-40) containing protease and phosphatase inhibitors (1.0 mM sodium orthovanadate, 50 mM sodium fluoride). Immunoprecipitation was performed by incubating primary antibodies with cell lysates at 4 1C for 4 h, followed by the addition of secondary antibody and protein A/G-agarose (Calbiochem) for one additional hour. For western blot analysis, proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA), and overnight incubated in primary antibodies followed by 1 h of incubation in horseradish peroxidase-conjugated secondary antibodies.
Confocal immunofluorescence staining. The immunofluorescence staining was determined as described previously 56 with minor modifications. Cells were fixed in 3.7% formaldehyde in PBS for 10 min at room temperature and permeabilized with 0.1% Triton X-100 for 5 min. After blocked in 3% BSA, the cells were incubated with primary antibody 1 h at 37 1C and then with the anti-mouse fluorescence-labeled secondary antibody 1 h at room temperature. DNA was stained with DAPI (Invitrogen). Subsequently, the cells were incubated with 2 M HCl for 30 min at 37 1C to denature DNA and treated with 0.1 M borate buffer (Na 2 B 4 O 7 , pH 8.5) for 5 min to neutralize the acid. After 3% BSA blocking for 1 h at room temperature (RT), the cells were incubated with anti-Lon antibody (1 : 200) or anti-NDUFS8 (1 : 200) 1 h at 37 1C, then with goat anti-mouse DyLight fluorescence-conjugated secondary antibody for 1 h at RT. The above experimental results were analyzed by an Leica TCS SP5 II confocal fluorescence microscopy.
Cell migration assay. The cell migration was detected with the Oris cell migration assay kit (Platypus Technologies, Fitchburg, WI, USA). About 5 Â 10 4 cells were seeded in the 96-well plate and incubated 16 h to let cell attachment. The seeding stoppers were removed to permit cells migration into the detection zone and change the medium to 200 ml DMEM containing 0.1% FBS. The cell motility was observed on microscope after 0, 24, and 48 h. Finally, the diameter of the cell-free area was measured to quantify the migration ability.
IHC staining. IHC analysis was performed on an automatic staining machine (BenchMark XT, Ventana Medical Systems, Tucson, AZ, USA) using the iVIEW 3, 3-diaminobenzidine (DAB) detection kit (Ventana Medical Systems). Paraffin sections (4 mm) containing human of the 104 OSCC tissues were routinely deparaffinized, hydrated, and heated to 95-100 o C for 4 min to induce antigen retrieval. After inactive the endogenous peroxidase activity, IHC staining was performed with anti-Lon (dilution 1 : 600). 23 All sections were finally incubated with iVIEW copper for 4 min to enhance the signal intensity, then counterstained with hematoxylin, dehydrated, mounted, and observed by a Nikon Eclipse E600 light microscope (Tokyo, Japan). Pictures were acquired using Tissue-Faxs software (TissueGnostics GmbH, Vienna, Austria). The staining intensity was estimated in a 4-scored scale (0, negative staining; 1 þ , weak; 2 þ , moderate; 3 þ , strong intensity). The fraction of stained cells was scored according to the following criteria: score 0 (no stained or o10% stained cells), score 1 (11-50% stained cells), score 2 (51-80% stained cells), and score 3 (480% stained cells).
Reverse transcription-PCR (RT-PCR).
Total RNA was extracted using Trizol reagent (Invitrogen) and reverse-transcribed at 37 1C with SuperScript II reverse transcriptase (Invitrogen). The resulting cDNA was used as the template for PCR reactions. Real-time PCR reactions were performed on a RotorGene 3000 system (Corbett Research, Mortlake, Victoria, Australia) using SYBR Green PCR Master Mix (Cambrex Co., East Rutherford, NJ, USA). The sets of forward and reverse primers, the corresponding PCR conditions, and the lengths of PCR products were described as follows: Lon ( Statistical methods. Parametric Student's t-test was used to judge the significance of difference between conditions of interest. In all analysis, a P value of o0.05 was considered as statistically significant (Student's t-test, *Po0.05, **Po0.01, and ***Po0.001).
